Transient neonatal diabetes mellitus (TNDM) is a rare inherited diabetic syndrome apparent in the first weeks of life and again during early adulthood. The relative contributions of reduced islet β cell number and impaired β cell function to the observed hypoinsulinemia are unclear. The inheritance pattern of this imprinted disorder implicates overexpression of one or both genes within the TNDM locus: ZAC, which encodes a proapoptotic zinc finger protein, and HYMAI, which encodes an untranslated mRNA. To investigate the consequences for pancreatic function, we have developed a high-copy transgenic mouse line, TNDM29, carrying the human TNDM locus. TNDM29 neonates display hyperglycemia, and older adults, impaired glucose tolerance. Neonatal hyperglycemia occurs only on paternal transmission, analogous to paternal dependence of TNDM in humans. Embryonic pancreata of TNDM29 mice showed reductions in expression of endocrine differentiation factors and numbers of insulin-staining structures. By contrast, β cell mass was normal or elevated at all postnatal stages, whereas pancreatic insulin content in neonates and peak serum insulin levels after glucose infusion in adults were reduced. Expression of human ZAC and HYMAI in these transgenic mice thus recapitulates key features of TNDM and implicates impaired development of the endocrine pancreas and β cell function in disease pathogenesis.
Introduction
Transient neonatal diabetes mellitus (TNDM) is a rare cause of early-onset hyperglycemia in term, newborn infants. Disease onset is usually within the first week of life and is characterized by intrauterine growth retardation, dehydration, and hyperglycemia with associated hypoinsulinemia (1) . Although exogenous insulin is required at presentation, remission occurs at an average of 3 months. Affected children have normal glucose homeostasis with normal insulin responses to intravenous glucose challenge, until adolescence or early adult life when the majority develops type 2 diabetes (2), with a loss of the first-phase insulin response signaling the onset of relapse in some cases (3) . The clinical features of the disease thus suggest that variations in the ability of the pancreas to produce or to secrete sufficient insulin may be an important underlying cause. Although the possibilities for postmortem analysis of affected subjects are limited, in one case histological analysis revealed seemingly normal islet-cell histology but an absence of insulin-positive cells (4) . However, other evidence points to an extrapancreatic defect, with the possibility that insulin resistance plays a further role in the loss of glucose homeostasis and relapse into diabetes in later life (5) .
Three genetic anomalies have been described as causing TNDM: paternal uniparental isodisomy of chromosome 6 (6), unbalanced paternal duplication of 6q24 (the TNDM locus) (7) , and maternal methylation anomalies (8) . The fact that inheritance of the duplication from the father causes TNDM suggests that the disease is a manifestation of overexpression of an imprinted gene(s). Genomic imprinting is a parent-of-origin-dependent modification that causes differential expression of the two parental alleles in somatic cells (9, 10) . Two overlapping imprinted genes with silencing of the maternal allele have been demonstrated in the TNDM locus: ZAC (zinc finger protein that regulates apoptosis and cell-cycle arrest) and HYMAI (hydatidiform mole-associated and imprinted transcript) (11, 12) . Differentially methylated regions are also commonly associated with the control of imprinting (10) . Methylation anomalies found in TNDM would be predicted to result in biallelic expression, hence overexpression of ZAC and HYMAI (13) (14) (15) .
ZAC encodes a zinc finger protein (seven fingers of C 2 H 2 class) originally identified as a potent factor promoting cell-cycle arrest and apoptosis (16, 17) . ZAC has been identified independently as a putative tumor suppressor (Lot1 [lost on transformation 1 gene] or PLAGL1 [pleomorphic adenoma gene-like 1]) (18, 19) , a possible indication of its potency as a cell-cycle regulator. Various in vitro studies have described ZAC as a transcriptional activator, co-repressor, or coactivator (19) (20) (21) . Although genes directly regulated by ZAC have not been identified definitively, there is evidence that ZAC is involved in the induction of the pituitary adenylate cyclase-activating polypeptide (PACAP) type I receptor (PAC1-R) gene (22, 23) . PACAP contributes to glucose-stimulated insulin secretion (24) and has been observed to promote the proliferation of β cells (25) . These properties indicate that upregulation of ZAC expression, as predicted in TNDM, could affect pancreatic islet function to cause the disease through one or more possible mechanisms: (a) as a mediator of dysregulated pancreatic β cell proliferation and/or death (b) by altering the transcriptional program of the endocrine pancreas or (c) by affecting gene expression in mature β cells and hence altering the ability of glucose and other secretagogues to stimulate insulin secretion. The second candidate gene in the TNDM locus, HYMAI, generates an apparently untranslated mRNA of unknown function.
Since the molecular mechanisms leading to the development of TNDM are difficult to study in human subjects, we sought to develop a model of this disease in an experimentally tractable animal. We therefore examined the effects of overexpression of the TNDM locus by creating a transgenic mouse line with a P1-derived artificial chromosome (PAC) containing the entire human ZAC and HYMAI genes. Transgenic mice showed changes in glucose homeostasis whose pattern of onset, remission, and relapse is reminiscent of that observed in humans affected by TNDM. These changes are associated with alterations in the normal development and differentiation of pancreatic islets. This transgenic mouse line thus recapitulates the central features of TNDM and demonstrates the likely sufficiency for the development of the disease of overexpression of genes in the TNDM locus. (Figure 1A) has an insert of 175 kb, which corresponds to about half of the approximately 355-kb TNDM minimal interval and contains the complete ZAC and HYMAI genes and 100 kb of upstream sequence. The PAC contains the only TNDM candidate genes by virtue of their imprinted status. Eight founders were obtained after pronuclear injection of PAC RPCI6-340H11into fertilized mouse oocytes. Lines from two male founders (TNDM29 and TNDM35) were examined in detail. PCR for markers across the length of the PAC ( Figure 1A ) indicated that all elements of the PAC were stably integrated and transmitted in these transgenic lines. Southern blotting indicated that lines TNDM29 and TNDM35 possessed 5-10 copies and 2-5 copies, respectively, of the human PAC DNA (data not shown). Initial analysis revealed that TNDM29 transgenic offspring resulting from maternal transmission did not differ from wild-type littermates in respect to blood glucose concentrations (data not shown), whereas offspring generated by paternal transmission showed a defective phenotype (see below), consistent with an imprinting effect on transgene function. Subsequent analysis was therefore performed on transgenic offspring following paternal transmission, with examination of embryonic stages (14.5 days postconception [dpc]), neonates (postnatal day 2-8), juveniles (1.5-2 months old), and adults (6-10 months old). These stages were chosen to represent the different clinical stages of TNDM as infants, teenagers, and adults. TNDM infants present with intrauterine growth retardation, often associated with macroglossia (1). TNDM29 transgenic mice appeared grossly normal and did not differ in body weight from control littermates as newborns, and postnatal growth kinetics were similar (data not shown). Moreover, pancreas/body weight ratios were similar in transgenics and controls at all postnatal stages, and there was no evidence of the macroglossia in transgenic neonates (data not shown).
Results

Characterization of transgenic mouse lines. PAC RPCI6-340H11
Tissue distribution of expressed ZAC and HYMAI. Human ZAC expression was examined by semiquantitative RT-PCR using primers that amplify both human and mouse transcripts. PCR products were digested by StyI, which cuts only the human product ( Figure  1B) . ZAC transcripts were detected in many tissues in TNDM29 neonates, including sites with potential roles in glucose homeostasis, such as brain, pancreas, pituitary, adrenal gland, and liver ( Figure 1C ). The expression ratio of human ZAC to mouse Zac RNA was highest in brain, kidney, and adrenal gland ( Figure 1C ). Levels of expression were higher after paternal transmission of the transgene than maternal transmission (data not shown), again consistent with an imprinting effect. The ratio of human to mouse RT-PCR products was higher in line TNDM29 than in TNDM35 ( Figure 1D ) in all tissues examined, including pancreas. Analysis with additional primer sets and sequencing RT-PCR products indi- cated that the coding region of ZAC was intact (data not shown). Human HYMAI expression, examined using primers designed to amplify exon 2 (14) , was also detected in brain, pancreas, pituitary, and adrenal gland of TNDM29 neonates ( Figure 1E ).
Expression of human ZAC and HYMAI was further examined by in situ hybridization in TNDM29 embryos using specific antisense and control sense riboprobes. Widespread expression of ZAC was detected in embryos at 14.5 dpc, especially in the nervous system, endocrine system, including pancreatic ducts, pituitary, adrenal glands ( Figure 2) , and tissues such as liver and muscle involved in glucose homeostasis, as well as tongue (not shown). The expression pattern of HYMAI was generally similar to that of ZAC but with more marked expression in liver. In embryos from line TNDM35, ZAC expression was much weaker (data not shown). When compared with mouse Zac on adjacent sections, most of the expression sites were similar, except that human ZAC and HYMAI/Hymai were detected in pancreatic ducts, whereas mouse Zac was detected only in nonductal structures of the pancreas (Figure 2 , A and C). ZAC was also present in the epithelium of gut (Figure 2A ).
The expression of ZAC and HYMAI was examined next in postnatal pancreata. In neonates, human ZAC expression was clearly observed in islets and more weakly in exocrine cells ( Figure 3C ). In contrast, expression of the endogenous mouse Zac was very weak in islet β cells but stronger in the exocrine pancreas ( Glucose homeostasis in TNDM transgenic mice. Blood glucose concentrations were found to be significantly elevated in TNDM29 neonates but not in juvenile nor adult TNDM29 mice ( Figure 4A ). Elevated blood glucose levels were not detected in transgenic neonates of line TNDM35. Since the latter animals expressed lower levels of genes in the TNDM locus (see above), these findings are consistent with a gene dosage-dependent phenotype. Thus, all subsequent analyses were therefore carried out on TNDM29 mice.
Total pancreatic insulin content was significantly lower in TNDM29 neonates compared with control mice ( Figure 4B ), whereas there was no significant difference in this parameter in juvenile and adult transgenic mice compared with wild-type animals ( Figure 4B ). However, plasma insulin levels were not significantly different in neonatal, fasted juvenile, or adult TNDM29 mice with respect to controls ( Figure 4C ).
Islet function was examined in vivo by intraperitoneal glucose tolerance tests. Reduced glucose tolerance was observed in TNDM29 neonates and older adults but was not apparent in juveniles ( Figure 5 , A-C). Serum insulin levels, monitored 30 minutes after glucose challenge, were also lower in older adult transgenic mice than in controls ( Figure 5F ). Although we detected no difference in mean serum insulin level in neonatal transgenics versus controls, the higher blood glucose level in these transgenic neonates indicated that there was a defective insulin secretory response. Insulin tolerance tests revealed an anomalous response in adult TNDM29 mice, with a more rapid return to higher blood glucose levels by 45 minutes after challenge with insulin, whereas juvenile TNDM29 mice displayed a normal response ( Figure 5 , H and I). However, and as shown in Figure 5J , euglycemic hyperinsulinemic clamps demonstrated identical insulin sensitivity in the older TNDM29 animals and wild-type littermates. Similarly, the rate of insulin-stimulated glucose decrease was identical in neonatal TNDM29 mice and controls ( Figure 5G ).
We next determined whether the apparently abnormal response to elevated glucose levels of islets in vivo might be reflected in deficient insulin secretion in isolated islets. Islets were isolated from pancreata from TNDM29 mice and control littermates, and cultured overnight prior to insulin secretion assays. No significant difference was apparent in the release of insulin at either 3 mM or 17 mM glucose in TNDM29 versus control islets in neonatal (day 2 postnatal) mice (P > 0.1; Figure 6A ), and juvenile and adult mice (data not shown). By contrast, islets from TNDM29 neonatal mice were more responsive to stimulation with a low level of PACAP (0.1 μM) at 17 mM glucose (P < 0.05; Figure 6B ).
Dynamic changes in β cell mass: morphometric and developmental analysis of the endocrine pancreas. To determine whether the above changes in islet function might be due to alterations in β cell development or number, we performed morphometric analysis of the pancreata. H&E staining of sections from TNDM29 transgenic mice and normal littermates showed normal islet morphology and β cell diameter (P = 0.94; Figure 7 , A and B). However, the total volume density of insulin-positive structures (which equates to β cell mass, given similar pancreatic volumes; see Methods) in TNDM29 mice compared with controls varied during fetal and adult life (as discussed below). At 14.5 dpc, insulin-positive structures were present at a lower density in pancreata from transgenic embryos (Figure 8 , A, B, and I). Glucagon-positive structures were also less abundant (Figure 8 , C, D, and I), as were somatostatin and pancreatic polypeptide (PP) ( Figure  8 , E-I), suggesting a general impairment of endocrine islet development in TNDM29 embryos. In contrast, immunohistochemical analysis of the pancreas from neonatal, juvenile, and older adult mice did not show obvious differences in staining intensity for insulin in transgenic versus wild-type controls ( Figure 7 , C-H), and the average size of islets was not significantly changed (P > 0.05). In neonates, in which the endocrine compartment forms a large proportion of the total pancreas (26), the density of insulin-positive structures was similar in TNDM29 transgenic and control pancreata ( Figure 7 , C, D, and I), indicating a marked increase compared with the embryonic stage. Moreover, at the juvenile stage, islet density was significantly greater than in controls ( Figure 7 , E, F, and I). In adult transgenic pancreata, islet density was not significantly different between TNDM29 mice and controls, suggesting a relatively greater decline in TNDM29 islet mass during adult life ( To investigate the possible basis for the early deficit in endocrine pancreas development, islet progenitor markers and regulators of pancreatic development were examined by immunohistochemistry in sections of 14.5-dpc embryos. The staining of pancreatic duodenum homeobox-1 (PDX-1) in ductal structures was significantly weaker in transgenic than control pancreas ( Figure 9, A, B, and G) , and the abundance of positively labeled neurogenin 3 (Ngn3), and paired-box gene 6 (PAX6) nuclei was also reduced (Figure 9 , C-F, and H).
Discussion
Glucose homeostasis and β cell function in TNDM locus transgenic mice. The key aim of this study was to determine the mechanisms through which overexpression of the TNDM locus may lead to TNDM. We have thus focused on glucose homeostasis and development of the endocrine pancreas in transgenic mice overexpressing the TNDM locus. We show that paternal transmission of this locus results in hyperglycemia in neonates and impaired glucose tolerance in older adults. By contrast, these parameters were normalized in younger (6-to 10-week-old) animals, a phenomenon reminiscent of the remission from diabetes seen in children around 3 months of age (1). Moreover, pancreatic insulin content was reduced in neonatal TNDM29 versus control mice, and these animals displayed an insulin secretory deficiency indicated by unaltered serum insulin levels in the face of hyperglycemia. However, islets from these animals tested in vitro displayed unaltered insulin secretion in response to glucose stimulation. On the other hand, glucose-stimulated insulin secretion was reduced in vivo in older TNDM29 adult mice, showing a return to impaired β cell function.
Figure 5
Glucose and insulin tolerance in TNDM29 mice. Glucose tolerance tests (A-C): glucose concentration determined in whole blood at the indicated times following intraperitoneal injection of glucose in neonate (A), juvenile (B), and adult (C) TNDM29 and wild-type mice. Serum insulin concentrations (D-F) at the indicated time points of the glucose tolerance test in neonates (D), juveniles (E), and adults (F). Insulin tolerance tests (G-I): glucose concentration determined in whole blood at the indicated times following intraperitoneal injection of insulin in neonates (G), juvenile (H), and adult (I) TNDM29 and wild-type mice. Euglycemic hyperinsulinemic clamp studies in TNDM29 and wild-type mice (J): whole-body glucose turnover rate (TO), whole-body glycolysis rate (Glycol) and whole-body glycogen synthesis (GlnSynth) during the test are shown. All results are expressed as mean ± SEM (n = 12-20, in more than 3 separate experiments, except for the clamp studies, where n = 5-6). *P < 0.05, **P < 0.01 transgenic versus control group by unpaired, two-tailed Student's t test and Mann Whitney U test, as appropriate.
In an effort to understand the underlying causes of pancreatic islet dysfunction, we studied the development of the endocrine pancreas in utero in TNDM29 mice. By 14.5 dpc in mice, the endocrine pancreas has started to develop, although islets are not yet fully formed (27, 28) . At this stage, the pancreata of TNDM29 mice displayed a significant reduction in all four endocrine cell types. However, a remarkable catch-up was then apparent in the volume density of insulin-positive structures by 3-5 days after birth, indicating a higher proliferation rate of β cells in TNDM29 pancreas late in gestation and into the neonatal period, consistent with the wave of neogenesis of β cells (29) . Nevertheless, total pancreatic insulin content remained lower in TNDM29 neonates compared with controls, possibly because the newly proliferated β cells in the transgenic animals may be less well differentiated and able to respond to glucose with the release of insulin. These data indicate that both decreased insulin synthesis and defective insulin secretion from a normal total islet β cell mass leads to inadequate insulin release in TNDM29 mice.
In contrast to neonates, juvenile TNDM29 mice displayed a significantly elevated volume of insulin-positive structures (and thus β cell mass) but normal pancreatic insulin content. However, there were no differences in these parameters between older adult TNDM29 and control mice. The attainment of a β cell volume density nearly twice that of wild-type littermates would appear to be necessary to achieve normoglycemia during the remission phase of the disease in juvenile animals. The significantly greater β cell mass in juvenile transgenic mice was an unexpected finding and suggests that a similar expansion in insulin secretory capacity and/ or improvement of other regulatory factors may contribute to the remission from neonatal diabetes seen in the human. Although the mechanisms underlying this apparent surge in β cell growth are unknown, it should be noted that β cell size was not increased in juvenile versus neonatal TNDM29 mice. The increase in β cell mass would thus appear to represent an increase in β cell number, reflecting either enhanced neogenesis, replication, or decreased apoptosis. One possibility is that β cell proliferation (30) , or a decrease in apoptosis (31), might be driven by the neonatal hyperglycemia or changes in the expression of developmental regulators including PDX1, Ngn3, and PAX6. Nevertheless, this compensatory expansion of β cell mass could not be sustained throughout life, as the total β cell volume was not increased compared with controls in
Figure 6
Insulin secretion from isolated pancreatic islets. Insulin secretion was measured in islets isolated form neonatal pancreata (postnatal days 2-3, n = 10-15, in 3 separate experiments). Islets were cultured overnight in 11 mM glucose, and then insulin secretion was determined after 25 minutes' treatment in 3 mM glucose, 17 mM glucose, or 17 mM glucose plus 0.1 μM PACAP. Results are presented as nanograms of insulin secreted per milligram total islet protein (A) and as fold increase in insulin secretion (B).
Figure 7
Immunohistochemical and morphometric analysis of postnatal pancreata. H&E staining of paraffin-embedded pancreas sections from juvenile wild-type (A) and TNDM29 littermates (B). Insulin immunohistochemistry at the indicated ages in wild-type (C, E, and G) and TNDM29 (D, F, and H) littermates. Volume density (I) for insulin-positive structures at the indicated ages (the embryonic data from Figure 8 are included for comparison; n = 5 pancreata per group). Representative islets stained for glucagon from juvenile wild-type (J) and TNDM29 pancreata (K) and (L) measure of proportion of islets showing infiltration of glucagon-positive cells (as defined in Methods; n = 5 pancreata per group). Results are expressed as mean ± SEM; *P < 0.05 **P < 0.01 transgenic versus control group by unpaired, twotailed Student's t test. Scale bars: 50 μm (A and B) ; 200 μm (C-H); 60 μm (J and K).
older adult TNDM29 mice. An analogous mechanism may contribute to the relapse into type 2 diabetes observed in late teenage years in human TNDM patients (1). Thus, despite some evidence in humans that insulin resistance may play a role in the relapse of affected patients to frank diabetes in later life, our clamp studies in mice found no decrease in peripheral insulin sensitivity. Further studies of human TNDM are required to clarify this issue.
Expression of regulators of pancreatic development in TNDM29 mice. Endocrine pancreas development involves the interplay of an array of transcription factors, hormones, growth factors, and nutrition (28, 32) . The transcription factor PDX-1 (33, 34) plays an important role in pancreatic neogenesis and the differentiation of β cells, while Ngn3 is a key proendocrine factor and a marker of endocrine precursor cells (35) (36) (37) (38) , and PAX6 is a marker of later progenitors, especially glucagon-producing cells (39) (40) (41) . We show here that PDX-1 expression and the number of Ngn3-and PAX6-expressing cells is reduced within the embryonic pancreas of TNDM29 mice. Consistent with these deficits, there was a reduction in all four endocrine cell types in the embryonic pancreas of the transgenic mice.
Complete loss of PDX-1 expression in mice (37, (42) (43) (44) or inactivation of the orthologous IPF-1 (insulin promoter factor-1) gene in humans (45), results in the failure to develop a pancreas. Moreover, mice heterozygous for PDX-1 mutation display defective insulin release and are glucose intolerant (46, 47) whereas a transdominant mutation in the human IPF-1 gene leads to maturityonset diabetes of the young-4 (48). In adult mice, PDX-1 promotes the expression of proinsulin and Slc2a2 (solute carrier family 2, member 2; also termed Glut2 [glucose transporter type 2]), the latter playing a critical role in mediating glucose-stimulated insulin secretion (49, 50) . The reduction in PDX-1 expression in TNDM29 mice not only could account for the defective development of the endocrine pancreas, but also suggests that PDX-1 could be a target gene of ZAC and/or HYMAI. In situ hybridization shows that these genes are expressed in ductal structures in embryonic pancreas, as is PDX-1. However, given that PDX-1 expression is itself controlled by upstream factors including hepatic nuclear factor 3α (HNF3α, or forkhead box O1 [FOXO1]) (51) and HNF3β (forkhead box O2 [FOXO2]) (52), the possibility cannot be excluded that the observed suppression of PDX-1 expression in TNDM29 mice may be the result of an indirect mechanism involving changes in the levels of these or other transcription factors.
Possible roles of the imprinted genes ZAC and HYMAI in TNDM.
The TNDM interval has been defined from paternal duplications of 6q24 and is between 355 kb and 648 kb (ref. 8; D. Mackay, personal communication). Interestingly, a recent genome-wide scan has found evidence for a locus for type 2 diabetes mellitus on 6q24-q27, close to the TNMD interval, in African Americans (53); there is also weak evidence for an association of paternally derived alleles of 6q and type 2 diabetes in Pima Indians (54) . The only known genes entirely located in the TNDM interval are ZAC, HYMAI and SYT11: only ZAC and HYMAI are imprinted and have been shown to have methylation anomalies in non-UPD/nonduplication TNDM patients (8, 13) . ZAC and HYMAI are overlapping and initiate at the same differentially methylated CpG island (15, 55) . Interestingly, both mRNAs were barely detectable in normal mouse islets by in situ hybridization but were easily detectable in exocrine pancreas, suggesting that the absence of one or both may be important for normal islet development. Although the present study did not seek to explore the relative importance of these two genes, because HYMAI generates an untranslated mRNA of unknown function (11, 15) , its contribution to the diabetic phenotype in TNDM patients and TNDM29 mice is uncertain. By contrast, ZAC encodes a zinc finger protein, which is a potential transcription regulator. In addition to its role in promoting apoptosis, ZAC has been shown to induce expression of the PAC1-R gene (22, 23) . PAC1-R overexpression would seem likely to enhance, rather than diminish, glucose-induced insulin secretion in vivo and β proliferation (25, 56, 57) , and PAC1-R-deficient mice display impaired glucose-induced insulin secretion and glucose intolerance (58) . Correspondingly, islets isolated from neonatal TNDM29 trans-
Figure 8
Immunohistochemistry for hormone-producing cells in embryonic pancreata. Sagittal sections from 14.5-dpc embryos showing pancreas stained for insulin (A and B) , glucagon (C and D), somatostatin (SOM; E and F), and PP (G and H) in TNDM29 (B, D, F, and H) and wild-type (A,  C, E, and G) littermates. (I) Volume density for the positive structures (n = 3-5 embryos per group). Results are expressed as mean ± SEM; *P < 0.05, **P < 0.01 transgenic versus control group by unpaired, twotailed Student's t test. Scale bars: 150 μm (A-D); 40 μm (E-H).
genic animals were more responsive to PACAP stimulation. However, PAC1-R is widely expressed in many tissues (57), consistent with a possible extrapancreatic contribution to the TNDM phenotype.
In conclusion, we describe here transgenic TNDM mice that develop abnormal glucose tolerance with a strikingly similar time course to affected humans. These animals should thus provide a useful tool for future studies of this condition.
Methods
Transgenic mice. The animal studies described in this article were carried out under the guidance issued by the Medical Research Council in Responsibility in the Use of Animals for Medical Research (July 1993) and United Kingdom Home Office Project Licence PPL 80/1467. DNA for the human PAC RP3-340H11 (gift of A. Mungall, Wellcome Trust Sanger Institute, Hinxton, United Kingdom) prepared using the QIAGEN large construct kit (QIAGEN Ltd., Crawley, United Kingdom) was linearized with BsiWI or SfiI prior to pronuclear injection into F1(C57BL/6JxCBA/Ca) × F1 mouse oocytes. Transgenic founders identified by PCR for the markers J340H11T7 (primers: 5′-AGTCAATTTCACCAGAACCCC-3′ and CTGGGGGAGGAT-GGAGAC), WI-11634 (5′-TTGATCTATTTAGTCAAGTCCAGCC-3′ and TTCCCATTCCTCACAGCATT-3′), hZAC-CG (5′-GTTCGCGCCTATCT-GGTATG-3′ and 5′-CAGCTGTCCCGATCTAGGAA-3′), and SG9563 (5′-CTAAAAACATAAGACAATGGAG-3′ and 5′-GTAATTCATCAGT-CATTATTAGC-3′). Founders were backcrossed to C57BL/6J and transgenic lines established. Routine genotyping was done by PCR of lysates of tail biopsies for markers hZAC-CG and WI-11634. Southern blotting for transgene copy number determination employed a probe adjacent to the human ZAC CpG island (IMAGE 2073154), and was done on neonatal brain DNA samples of 10 μg digested with HindIII. Transgenic lines TNDM29 and TNDM35 were maintained as hemizygotes by backcrossing with C57BL/6J, and analysis was carried out after 2-4 backcross generations. Nontransgenic progeny were used as controls throughout.
RNA analysis by RT-PCR. Total RNA was obtained from tissues using the RNeasy Mini kit (QIAGEN), and RT-PCRs were performed as previously described (55) . Primers for amplification of human ZAC and mouse Zac were hmZAC-RTf (5′-CAATTATTCCCACTCCAGGG-3′) and hmZAC-RTr (5′-GGAAGTCCTTGCATCCTGTG-3′). PCR products were diluted threefold for digestion with StyI to discriminate products from human and mouse transcripts. Primers for amplification of human HYMAI were as described (14) .
In situ hybridization. For postnatal stages, fresh tissue (n = 3 from transgenic and control groups) was frozen on dry ice, and cryostat sections (20 μm) were cut (Bright Instruments Co., Huntingdon, United Kingdom); sections were either used immediately or stored at -70°C for further use. Embryos (14.5 dpc; n = 3 for each group) were immersed in Bouin's fixative overnight at 4°C and then paraffin embedded. Sections were cut at 7 μm thickness. All sections were subsequently fixed in 4% paraformaldehyde in PBS prior to hybridization. Riboprobes were prepared from the following plasmids: human ZAC corresponding to nucleotides 1878-2478 of AJ006354 was subcloned from pBS-hZAC; mouse Zac corresponding to nucleotides 0-456 of NM009538 was subcloned from pBS-mZac1 (both originating plasmids being the kind gift of L. Journot, CNRS UPR 9023, Montpellier, France); human HYMAI was produced from IMAGE clone 2073154 (from the United Kingdom HMGP Resource Centre, Hinxton, United Kingdom); mouse Hymai was subcloned from clone CPGC#27 (55) and corresponded to nucleotides 1-679 in AJ308560. Antisense and sense probes were synthesized by transcription with T7 or T3 RNA polymerase from plasmids linearized with appropriate restriction enzymes, and by use of a digoxigenin RNA labeling kit (Roche Diagnostics Ltd., Lewes, United Kingdom). In situ hybridization was performed as described (59) with minor modifications. Briefly, sections were prehybridized in hybridization buffer at 58°C for 2 hours and then hybridized at 58°C overnight with 0.8-1.0 μg/ml of the respective riboprobes. The slides were washed twice in 2 × SSC at 65°C for 30 minutes and then in 0.2 × SSC at 65°C for 1 hour. Sections were then incubated with antigen-binding fragments of alkaline phosphatase conjugated anti-digoxigenin antibody (1:2,000; Roche Diagnostics Ltd.). Precipitation of the reaction products of nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (Roche Diagnostics Ltd.) was allowed overnight at room temperature, in the presence of levamisole (Sigma-Aldrich, Poole, United Kingdom). Controls were performed by using sense probe, and no signal was detected.
Glucose and insulin measurements. Blood glucose levels were determined in whole blood immediately on collection with a Blood Glucose Analyzer (HemoCue Ltd., Dronfield, United Kingdom). For serum insulin determinations, blood samples collected by heart puncture were kept at room temperature for 3 hours and stored at 4°C overnight. For neonates, blood and serum were collected after decapitation. Samples were centrifuged, and serum was separated and stored at -20°C. Insulin concentration was
Figure 9
Immunohistochemistry for differentiation markers in embryonic pancreata. Sagittal sections from 14.5-dpc embryos showing pancreas stained for PDX-1 (A and B), Ngn3 (C and D), and PAX6 (E and F). (G) Intensity of PDX-1 staining in pancreas determined in wild-type and TNDM29 sections (n = 4 embryos per group). (H) Volume density for the positive structures (n = 3 embryos per group) of Ngn3 and PAX6. Results are expressed as mean ± SEM; *P < 0.05 transgenic versus control group by unpaired, two-tailed Student's t test. Scale bar: 80 μm (A-F).
determined by radioimmunoassay using a Rat Insulin RIA Kit (RI-13K; Biogenesis Ltd., Poole, United Kingdom) for juvenile and adult samples or Ultra Sensitive Rat Insulin ELISA kit (Crystal Chem Inc., Downers Grove, Illinois, USA) for neonatal samples. For measurement of total pancreatic insulin, pancreata were removed and immediately frozen in dry ice. Insulin was extracted by mechanical homogenization in iced acid ethanol (0.7 M HCl/ethanol 25:75 plus 0.1% Triton X-100). After 24 hours at 4°C, samples were centrifuged and the supernatant collected and stored at -20°C. Hormone concentrations were determined by radioimmunoassay and total protein content by Bradford reagent (Sigma-Aldrich).
Glucose and insulin tolerance tests and hyperinsulinemic euglycemic clamps. For glucose tolerance tests, mice were fasted overnight and a single intraperitoneal injection of D-glucose (Sigma-Aldrich; 1 g/kg body weight) together with sedative (0.01 ml/30 g body weight Hypnorm; Janssen-Cilag Ltd., Saunderton, United Kingdom) was given. Blood samples for glucose analysis were withdrawn from the cut tail end before and at the indicated times after glucose injection. For insulin tolerance, mice fed ad libitum were injected intraperitoneally with 1 U/kg insulin (Sigma-Aldrich) together with Hypnorm, and blood samples were taken as above. For neonates (which were not fasted), a single terminal blood sampling was made after decapitation at 0 minutes, 30 minutes, or 120 minutes after glucose or insulin injection. Hyperinsulinemic euglycemic clamps were performed as previously described (60, 61) , using adult (7-month-old) female mice (n = 5 TNDM group, n = 6 in control group).
Isolation of pancreatic islets and insulin secretion assays. Islets were isolated by digestion of pancreata with collagenase V (Sigma-Aldrich), as described elsewhere (62) . Insulin secretion from 5-7 islets per assay tube was measured, after incubation of islets in Kreb's Ringer-based medium containing 3 mM, then 17 mM glucose, and then in the presence of 0.1 μM PACAP-38 (Bachem [UK] Ltd., St. Helens, United Kingdom), for 25 minutes for each incubation condition. Secreted and total islet insulin were measured by radioimmunoassay (63) .
Immunohistochemistry. Adult transgenic and control mice (n = 5 each) were perfused with 4% paraformaldehyde in PBS and the tissues were then fixed for 2 hours. Neonatal pancreata (n = 5 each) were directly dissected out and fixed in the same fixative for 2 hours at room temperature. After sucrose treatment, tissues were sectioned by cryostat at 20 μm thickness. Embryos (14.5 dpc; n = 5) were treated and sectioned as for in situ hybridization. Both cryostat and paraffin-embedded sections were incubated overnight at 4°C with primary antibodies: guinea pig anti-porcine insulin antibody (DAKO UK Ltd., Ely, United Kingdom) diluted 1:100; monoclonal anti-rat glucagon antibody (Sigma-Aldrich) diluted 1:4000; polyclonal anti-PDX-1 antibody (64) diluted 1:50; monoclonal anti-chick PAX6 antibody (Developmental Studies Hybridoma Bank, Iowa, USA) diluted 1:100; rabbit anti-Ngn 3 antibody (65) diluted 1:4000; rat anti-somatostatin monoclonal antibody (CHEMICON International Inc., Temecula, California, USA) diluted 1:100; and rabbit anti-PP antibody (Novocastra Laboratories Ltd., Newcastleupon-Tyne, United Kingdom) diluted 1:500. Detections were done using biotinylated secondary antibodies and avidin-biotin complex (ABC; Vector Laboratories Ltd., Peterborough, United Kingdom), with 3′3′-diaminobenzidine (Sigma-Aldrich) as chromogen, with the nickel and glucose oxidase method for enhancement. For PDX-1, PAX6, and Ngn3, antigen retrieval was carried out before incubation with the primary antibodies by treating the sections in 10 mM citrate buffer pH 6.0 at 95°C for 15 minutes.
Morphometric analysis. Pancreata of transgenic mice and controls (n = 5) of different age groups were obtained and serially sectioned as above. H&E staining and immunohistochemical detection of insulin and glucagon were each performed on 1 in 5 serial sections. The average radius of β cells (hence the size) was obtained by measuring the distance between 2 adjacent nuclei of cells randomly chosen by grids on H&E-stained sections. The islet area (mm 2 ) and the area of each pancreatic section were determined by use of image analysis software (Leica Qwin; Leica Microsystems [UK] Ltd, Milton Keynes, United Kingdom), or grids for measuring points hitting the islet and whole pancreas. Similar methods were applied to quantitation of other immunohistochemical positive structures. The ratio of total islet area to area of whole set of sections from each mouse was obtained by representing the volume density of the islets in the pancreas. The pancreas weight was measured and presented as pancreatic/body weight, the ratios in transgenic and control groups being similar (P = 0.8), such that the volume density of islets represents the total volume and mass of islets. Glucagonpositive cell distribution was determined by counting the percentage of the islets in which there were glucagon-positive cells in the islet core, if one or more glucagon-positive cells were present at a distance of more than four cell diameters from the islet periphery. More than 100 target items were counted for each parameter per mouse. PDX-1-immunostaining intensity was determined using Scion Image (NIH, Bethesda, Maryland, USA) after circling regions of positive labeling and measurement of optical density.
Statistical analysis. All values are expressed as mean ± SEM. Statistical analysis was carried out using the unpaired Student's t test, chi-squared test or Mann Whitney U test, and correlation coefficient, as appropriate. Differences were considered statistically significant at P < 0.05.
